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Porous carbons are appealing low-cost and metal-free catalysts in persulfate-based advanced oxidation processes.
In this study, a family of porous biochar catalysts (ZnBC) with different porous structures and surface func
tionalities are synthesized using a chemical activation agent (ZnCl2). The functional biochars are used to activate
persulfate for sulfamethoxazole (SMX) degradation. ZnBC-3 with the highest content of ketonic group (C–
–O,
1.25 at%) exhibits the best oxidation efficiency, attaining a rate constant (kobs) of 0.025 min− 1. The correlation
coefficient of the density of C–
–O to kobs (R2 = 0.992) is much higher than the linearity of the organic adsorption
capacity to kobs (R2 = 0.694), implying that C–
–O is the intrinsic active site for persulfate activation. Moreover,
the volume of mesopore (R2 = 0.987), and Zeta potential (R2 = 0.976) are also positive factors in PS adsorption
and catalysis. In the mechanistic study, we identified that singlet oxygen is the primary reactive oxygen species.
It can attack the –NH2 group aligned to the benzene ring to form dimer products which could be adsorbed on the
biochar surface to reach complete removal of the SMX. The optimal pH range is 4–6 which will minimize the
electrostatic repulsion between ZnBCs and the reactants. The SMX degradation in ZnBC/PS system was immune
to inorganic anions but would compete with organic impurities in the real wastewater. Finally, the biochar
catalysts are filled in hydrogel beads and packed in a flow-through packed-bed column. The continuous system
yields a high removal efficiency of over 86% for 8 h without decline, this work provided a simple biochar-based
persulfate catalyst for complete antibiotics removal in salty conditions.

1. Introduction
Nowadays, antibiotics are intensively used to treat bacteria-induced
disease for both human beings and animals (Ghauch et al., 2017).
However, the overuse and uncontrolled release of these compounds will
cause direct ecological risks in the aquatic environment and result in
antibiotic-resistant bacteria and genes (Martínez, 2008; Zhang et al.,
2018; Zhang et al., 2020b). Therefore, the worldwide occurrence of
antibiotics calls the urgency to figure out effective and economical
strategies to control the contamination of antibiotics.
Persulfate-based advanced oxidation processes (PS-AOPs) are

hotpots in advanced remediation technologies for treatment of organic
contaminated wastewater (Bo et al., 2021; Peng et al., 2021b; Wacławek
et al., 2017; Xue et al., 2021). Compared with hydrogen peroxide
(H2O2), peroxydisulfate (PS) exhibits a higher oxidation potential (2.08
eV vs 1.78 eV of H2O2) (Wardman, 1989) for pollutant degradation, and
more importantly possesses better chemical stability for transportation
and storage (Anipsitakis et al., 2006). Moreover, PS is more economical
than H2O2 ($0.74/kg of PS vs $1.5/kg of H2O2) (Zhang et al., 2014).
However, the efficacy for direct oxidation of organic compounds by PS is
unsatisfactory in in-situ remediation. Therefore, PS activation to pro
duce more powerful reactive oxygen species (ROS) is a crucial step in
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PS-AOPs. The peroxide bond energy of PS is 140 kJ/mol (Wang & Wang,
2018); thus, the activation can be achieved by simultaneous and
intensive energy input in the form of photons (UV photolysis) (Sun et al.,
2019) or heat (thermolysis) (Sun et al., 2020b). Reducing agent and
catalysts are also adopted to reduce the activation energy via an
electrons-transfer reaction to decompose PS into sulfate radicals (SO4•-,
2.5–3.1 eV).
In order to avoid the toxic leaching of metal ions from noble/tran
sition metals and oxides, carbonaceous materials have been extensively
used for persulfate activation (Yu et al., 2020). One category of carbo
catalysts are nanostructured carbons such as carbon nanotubes (CNT)
(Duan et al., 2015a; Duan et al., 2015b), graphene (Chen et al., 2018;
Kang et al., 2018; Li et al., 2017), reduced graphene oxide (rGO) (Sun
et al., 2012), graphitized nanodiamond (Duan et al., 2016a; Lee et al.,
2016) and carbon-based single atom catalysts (Peng et al., 2021a; Shang
et al., 2021; Yanan et al., 2020). The nanocarbons consist of highly
graphitic carbon matrix and are prone to mediate a non-radical elec
tron-transfer oxidation pathway (Lee et al., 2016; Yun et al., 2017).
However, the cost of manufacture of nanomaterials is typically high
which prohibits the practical application. Furthermore, the surface areas
of pristine nanocarbons are low (<300 m2/g) and limit the adsorption
and catalytic processes in PS-AOPs. Another category of promising
carbocatalysts is low-cost porous carbons derived from biochar (Fang
et al., 2015), solid wastes (Guo et al., 2018), and biomass (Sun et al.,
2020a; Zhou et al., 2020), etc. The porous carbon materials have large
surface areas to expose abundant active sites and possess high pore
volumes which accelerate the kinetics of persulfate and pollutants in
adsorption and catalysis, leading to enhanced degradation efficiency.
Moreover, the synthesis of porous carbons is more feasible, and the
products can manifest comparable/superior reactivity to nanocarbons.
Biochar has been used as promising materials for wastewater puri
fication (Li et al., 2019; Xue et al., 2021). Physical activation (CO2 and
steam) (Kim et al., 2019; Sun et al., 2020b) or chemical activation (KOH,
H3PO4, and ZnCl2) (Tian et al., 2020) approaches have been developed
to create micro-/meso-pores in the derived biochar. Among the chemical
activation agents, ZnCl2 is an excellent pore-forming agent to create
both micropores and mesopores (Shang et al., 2015). ZnCl2 causes a
strong dehydrating effect on lignocellulosic biomass, giving rise to
reduced carbonization temperature, suppressed formation of tar, and
facilitating the formation of open pores. Meanwhile, ZnCl2 would melt at
263 ◦ C and intrude into biomass precursor, which would serve as the
pore template to increase the pore volume (Liu et al., 2015). Moreover,
varying the loading of ZnCl2 will produce different sizes and amounts of
pores (Rodríguez-Reinoso & Molina-Sabio, 1992). In a previous study,
ZnCl2 was selected to prepare porous rGO which manifested outstanding
performance in aqueous oxidation, ZnCl2 works as a dehydration re
agent and promotes the charring of the carbon below the carbonization
temperature. (Liu et al., 2014). However, porous biochars activated by
ZnCl2 have yet been explored for persulfate activation. The effects of
ZnCl2 on the oxygen functional groups of biochar were still unkown, the
pore structure effects on the persulfate activation performance were
confusing, the mechanism of persulfate activation by low-temperature
carbonized porous biochar still need to be clarified.
In this study, a series of ZnCl2 activated porous biochars (ZnBCs) are
fabricated at a mild carbonization temperature at 500 ◦ C. Sulfameth
oxazole (SMX) is chosen as a model antibiotic compound to evaluate the
performance of the biochar-based PS-AOPs system. The influences of
ZnCl2 blending ratio on the adsorption of the reactants (SMX and per
sulfate) and the catalytic activity for persulfate activation will be
investigated. Quantitative structure− activity relationships (QSARs)
analysis based on various characterization results are also conducted to
correlate the crucial physiochemical properties of biochars and the ac
tivity for persulfate activation. Furthermore, the mechanism of PS
activation on ZnBCs are studied, and the vulnerable sites of SMX in the
oxidation system will be investigated. Finally, porous biochar is
embedded in the calcium alginate hydrogel beads and packed in a

column to overcome the difficulty of separation. A packed-bed reactor is
employed to test the flow-through degradation performance.
2. Materials and methods
2.1. Reagent
Cellulose (α-cellulose, AR >97%), lignin (AR >99%), chistosan
(AR>99%), PS (Na2S2O8, AR >99%, Sulfamethoxazole (SMX, CP
>97%), aniline (AN, GC >98%), 3-amino-5-methyl-isoxazole (AMI, GC
>98%). Sulfanilamide (SNM, GC >98%), DMPO (5,5-Dimethyl-1-pyr
roline N-oxide, >97%), TEMP (4-Amino-2,2,6,6-tetramethylpiperidine,
>98%), L-histidine (AR >99%), p-benzoquinone (p-BQ, AR>99%), D2O
(CP >99.9%) ZnCl2 (AR > 99%), were purchased from Aladdin Re
agents. Multi-wall carbon nanotubes (MWCNTs, diameter: 5–15 nm,
length: 10–20 µm) and Activated carbon (AC, Medical level) were pur
chased from Macklin. Methanol (AR>99%), concentrated sulfuric acid
(H2SO4, AR>99%), sodium hydroxide (NaOH, AR >99%) Peptone (BR)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
2.2. Activated biochar preparation
The biochar synthesis procedure was according to previous re
searches (Gao et al., 2017; Liang et al., 2018a). The precursor cellulose
powder was first mixed with ZnCl2 powder at a weight ratio of 1:X by a
mortar (X = 1–4). The grinding process took over 5 min to obtain a
uniform mixture. The obtained mixture was carbonized in a tube furnace
at 500 ◦ C for 2 h under N2 atmosphere with a heating rate of 10 ◦ C/min,
then the biochar samples were washed with 3 M HCl and distilled water.
Eventually, the resultants were dried in an oven at 60 ◦ C and labeled as
ZnBC-X, where X represented the blending ratio of cellulose to ZnCl2.
2.3. Characterization of the activated biochar
The physical morphology of the surface of the samples was examined
using a scanning electron microscopy (SEM) (SU-70 Japan) and Trans
mission electron microscope (TEM) (HT-7700 Japan). The surface
chemical compositions were determined on an X-ray photoelectron
spectrometer (XPS) (ESCALAB). X-ray diffraction (XRD) patterns of
samples were obtained using an X-pert Powder (PANalytical B.V.,
Netherland) in the range of 5◦ –80◦ (2θ) at a scanning rate of 6.5◦ per
minute. Raman spectroscopy was performed using a 514-nm argon ion
laser. The BET surface area (SBET), total pore volume (Vtot), and pore size
distribution of the biochar samples were measured by N2 adsorption/
desorption profiles at 77 K on an Autosorb-1 gas analyzer (Quantach
rome, USA). The electronic paramagnetic resonance (EPR) spectra were
obtained on an electronic paramagnetic resonance spectrometer (EMX
plus-9.5/12) with the dosage of 0.05 g each. The procedure of electro
chemical characterization was detailed in Text S1. The Zeta potential
was measured via Zetasizer Nano-ZS using deionized water as a fluid.
2.4. Catalytic activity tests
Catalytic oxidation of sulfamethoxazole (SMX) was performed in a
pre-adsorption system. All the experiments were conducted in a conical
flask in a water bath rotary shaker at 200 rpm and 25 ◦ C. The biochar
catalysts (10 mg) were first dispersed into 100 mL SMX solution (0.2
mM) and shaken for 30 min to achieve the adsorption equilibrium. Then,
PS solution was injected to the reaction solution to initiate the oxidation
(final concentration: 1 mM). At given time intervals, 1 mL of sample was
withdrawn and filtered using a 0.22-μm Millipore film and was imme
diately quenched by 0.5 mL of methanol. The concentrations of these
samples were determined by an HPLC (High Performance Liquid Chro
matography) instrument (Shimadzu, LC-20, Japan).
To further identify the responsible ROS for SMX degradation, three
radical scavengers p-benzoquinone (p-BQ), L-histidine, methanol
2
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(MeOH) were separately added to the reaction solution before the
adsorption and oxidation processes. Solvent change experiment was
performed using D2O to replace ultrapure water to compare the kinetics
and confirm the role of singlet oxygen (Zhang et al., 2019; Zhu et al.,
2019).

concentration of PS was measured by a spectrophotometric method
(Text S2). The 3D EEM (excitation-emission matrix) and LC-MS (liquid
chromatograph-mass spectrometer) detail were in Text S3.

2.5. Continuously column study with ZnBC hydrogel beads

3.1. Characterization of ZnBC

Calcium alginate hydrogel was used to immobilize ZnBC (Huang
et al., 2019). Briefly, activated biochar ZnBC-3 was blended with 2%
alginate (w/v) to obtain a concentrated suspension (8 g/L), and the
calcium alginate beads were obtained by dropping the suspension
stepwise into a 2% calcium chloride solution (w/v) using a 10 mL in
jection syringe without the needle. The derived hydrogels were culti
vated for more than 8 h and then washed by deionized water for several
times. The derived hydrogels were stored in deionized water in case of
dehydration. The ZnBC hydrogel beads were packed into a glass column
(Φ5 × 20 cm) with a 50% volume filling ratio. The synthetic SMX
wastewater (0.1 mM) was continuously filled into the reactor via a
peristaltic pump at a flow rate of 1 mL/min. The samples were collected
at the outlet of the reactor every 0.5 h and analyzed by HPLC. ICP-AES
(Inductively Coupled Plasma-Atomic Emission Spectrometry) and FTIR
(Fourier Transform Infrared) detail were described in Text S4.

The surface morphology of ZnBC-3 was characterized by SEM in
Fig. 1a. A uniform porous structure with multi-layer carbon flakes was
obtained after ZnCl2 activation. The TEM image in Fig. 1b and c dis
played that amorphous carbons existed in ZnBC-3. The elemental
mapping in Fig. 1d, e, and f showed that only carbon and oxygen existed
on the surface of ZnBC-3, the contents of other elements were nearly
zero in EDX spectra (Fig. 1f), indicating complete removal of ZnCl2
through the acid washing process. Furthermore, the actual Zn contents
of ZnBCs were measure through ICP-AES coupled with acid-digestion.
Results shown in Table S5 exhibited that the Zn content in all ZnBCs
was below 0.1%, which meant that the acid washing procedure could
remove most of the inorganic salts.
XRD patterns of biochar catalysts before and after acid washing were
shown in Fig. 2a, before acid pickling, the peaks at 31.6◦ , 34.4◦ , 36.2◦ ,
47.5◦ , 56.6◦ , 62.8◦ , 67.9◦ and 69.0◦ , corresponding to the diffraction
planes of (100), (002), (101), (110), (103), (112) and (201) of ZnO
crystals (PDF#36–1451). The formation of ZnO could be described by
the following reactions: ZnCl2 first captured the H2O generated form the
cellulose during pyrolysis to form ZnCl2⋅H2O, and then the HCl and H2O
evaporated into the gas phase while ZnO formed in the carbon matrix.
After acid washing, two broad peaks centered at 2θ = 23◦ and 43◦ which
typically represented amorphous carbons (Kong et al., 2016; Singh et al.,
2017). No other zinc residues were found in the XRD spectra due to the
complete removal of ZnO by acid treatment, as shown in Fig. S1.

3. Results and discussion

2.6. Analytical method
The concentrations of the organic compounds were determined by
HPLC (Shimadzu) using a C-18 column (Type MG II, 4.6 mm × 250 mm).
The mobile phase adopted 50% methanol and 50% ultra-pure water at a
flow rate of 1.0 mL/min. The wavelengths of SMX, AN, SNM and AMI
were 270, 203, 280, 208 nm, respectively. The reactive radicals in the
ZnBC-3/PS system were examined on an electronic paramagnetic reso
nance spectrometer (EMX plus-9.5/12). 5,5-dimethyl-1-pyrroline Noxide (DMPO), and 4-Amino-2,2,6,6-tetramethylpiperidine (TEMP)
were used as the spin-trapping agent for identifying specific ROS. The

ZnCl2 + 2 H2O → ZnCl2⋅2H2O
ZnCl2⋅2H2O → ZnO + 2HCl↑+ H2O↑

Fig. 1. (a) SEM image of ZnBC-3; (b) and (c), TEM image; elemental mapping of TEM image (d) C, (e) O and (f) EDX spectra of ZnBC-3.
3
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Fig. 2. (a) XRD patterns of ZnBC-3 before and after acid washing, (b) Pore size distributions, (c) Zeta potentials, and high resolution of XPS O1s spectra of the
four ZnBCs.

N2 sorption isotherms were measured to investigate the pore struc
ture and surface area of four biochar samples. The results were shown in
Fig. S2 and Fig. 2b and Table S1. The ZnCl2 blending ratio greatly
influenced the surface area and pore size distribution of the derived
biochars. The BET surface area increased from 1274 to 2031 m2/g as the
blending ratio increased from 1 to 4, and the corresponding pore vol
umes enlarged from 0.622 to 1.313 cm3/g. The average pore size
increased from 2.18 (ZnBC-1) to 2.80 (ZnBC-4) as more ZnCl2 was
added. As shown in Fig. S2, ZnBC-1 and ZnBC-2 showed the type-I iso
therms while other ZnBCs (− 3 and − 4) showed the typical type-IV
isotherms. The volume of mesopore increased from 0.11 to 0.71 cm3/
g as the blending ratio increased from 1 to 4, while the micropore vol
ume remained at around 0.60 cm3/g for all the samples. The increased
mesopores could be clearly found in Fig. 2b. These results indicated that,
the more ZnCl2 was added to the precursor mixture, the more mesopores
were created to form a hierarchical pore structure in the activated bio
char. This phenomenon was consistent with the previous studies (Shang
et al., 2015; Singh et al., 2017). The dissimilar pore size distributions
could be ascribed to the different amounts of ZnO left in the biochars
which could serve as the template of the derived mesopores.
Raman spectroscopy is a precise and nondestructive tool to charac
terize the defect degree of carbon materials. Fig. S3 shows that the
Raman spectra of the biochar samples exhibited a G band at 1594 cm− 1
which represented the in-plane vibrations of sp2 carbons, and a D band
at 1341 cm− 1 arising from imperfect carbon sites originating from the
structural distortion, vacancies, and edges. The intensity ratio of the D
band versus G band (ID/IG) can reflect the defect and disorder level of the
samples. With the increased dosage of the activation agent, ID/IG slightly
increased from 0.78 to 0.83 for ZnBC-1 to ZnBC-4 correspondingly, the
defective degree of four samples was nearly the same. Moreover, the
Raman spectra were deconvoluted into eight peaks according to the

previous studies (Wan et al., 2019), the results were shown in Fig. S3b,
Table. S3 and Table. S4. In fact, the defect degrees and graphitized de
grees of four biochars were both nearly the same.
Persistent free radicals (PFRs) in biochars were reported as the active
sites for persulfate activation (Fang et al., 2015). Fig. S4 presented the
EPR spectra of the four solid biochars, which showed that the EPR signal
declined dramatically as the blending ratio of ZnCl2 increased. Fang
et al. (2015) reported that the PFRs concentration of biochar increased
first with the addition of a low amount of transition metals (<0.5 mM/g
biomass ≈ 0.07 g ZnCl2/g biomass), and then decreased with a further
increase of metal impurities. This could be attributed to the fact that
PFRs can act as an electron shuttle to mediate the reduction of transition
metal ions at the high annealing temperatures (Kappler et al., 2014). In
this study, the dosage of activation agent ZnCl2 (1–4 g/g biomas) was
much higher than the that used in Fang’s study, thus the decline of the
EPR signal could be ascribed to the consumption by excess Zinc metals
during carbonization process. This trend was similar with the biochars
under increasing pyrolysis temperature (Zhu et al., 2018).
Zeta potential is a crucial parameter to describe the surface charge of
the carbon catalysts, which is a dominant factor in the adsorption of
persulfate anions (Ren et al., 2020b). Zeta potentials of four derived
biochars in deionized water (pH = 7) were presented in Fig. 2c. In fact,
Zeta potential increased from − 8.19 mV to 16.4 mV as the Zn blending
ratio increased from 1 to 4. A high Zeta potential of biochar would be
helpful for the capture of persulfate anions by electrostatic attraction,
which would increase the adsorption of persulfate on the biochar
catalyst.
The surface functional groups of carbon materials played important
roles in persulfate activation (Duan et al., 2016b; Shao et al., 2018). In
this study, XPS analysis was performed to characterize the surface
chemistry of ZnBCs. Fig. S5a showed the full XPS survey spectra of the
4
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– O groups (Liu
shown in Fig. S6, the peak at 1643 cm− 1 represented C–
et al., 2021), the relative intensity of ZnBC-3 was stronger than others
which was consistent with the XPS results.

biochars. All the spectra contained two major peaks of C1s (284 eV) and
O1s (532 eV). The atomic ratio of oxygen decreased from 5.8% (ZnBC-1)
to 3.7% (ZnBC-4), the loss of surface oxygen was attributed to the
deoxygenation reaction caused by dehydrating effect due to the high
dosage of ZnCl2 (Liu et al., 2014). A previous study suggested that a
lower oxygen content (<5 at%) on CNT was beneficial to persulfate
activation, whereas excessive oxygen groups (>8 at%) were unfavorable
due to the occupation of active sites and deteriorated conductivity for
electron transfer (Duan et al., 2016b; Ren et al., 2020b). From this point
of view, the use of ZnCl2 can regulate the oxygen content of biochar to a
rational level for redox reactions in AOPs.
Multitudinous oxygen groups, such as hydroxyl (C–OH), carbonyl
– O), and carboxyl (O–
– C–OH), have been confirmed to exist on the
(C–
surface of biochars, which can affect the activity in carbocatalysis. In
this study, three types of oxygen-containing functional groups were
identified by XPS spectra and shown in Fig. 2d. The broad O 1s peak can
be fitted into four components with the binding energies at 531.4 ± 0.2,
532.5 ± 0.2, 533.7 ± 0.2, and 535.0 ± 0.2 eV, corresponding to the
– O), carboxyl group (O–C–
– O), hydroxyl group
carbonyl group (C–
(C–OH), and adsorbed H2O (Ren et al., 2020b), respectively. The con
– O) for the biochar samples increased from
tents of ketone groups (C–
0.53% to 1.25% when the blending ratio increased from 1 to 3, then the
number of ketone groups decreased to 0.98% for ZnBC-4. As for carboxyl
groups, the content of ZnBC-3 (0.74%) and ZnBC-4 (0.83%) is much
lower than that of ZnBC-1 (2.89%) and ZnBC-2 (2.37%). These results
– O to
suggested that ZnCl2 may promote the transformation from O–C–
– O during deoxygenation reaction, whereas the hydroxyl groups are
C–
thermally and chemically more stable at the moderate annealing tem
perature (500 ◦ C), the contents of which maintained at ~2% for the four
biochar samples. C1s spectra could be also fitted by five parts, the results
were shown in Fig.S5b and Table S2. Furthermore, FTIR was also
adopted to characterize the surface functional groups of biochars and

3.2. Adsorption and catalytic oxidation of SMX on ZnBCs
The removal of SMX by PS/biochar was evaluated by pre-adsorption
with sole biochar and subsequent oxidation with the co-presence of PS.
The adsorption equilibrium was reached after 30 min, and then per
sulfate was injected to initiate the oxidation. The results were shown in
Fig. 3a. As the blending ratio increased from 1 to 4, the adsorptive
removal efficiency increased from 35.6% to 37.8%, except for ZnBC-3
which removed 49.8% of the pollutant.
After the injection of PS, the concentration of SMX decreased
dramatically due to the catalytic oxidation of the adsorbed and dissolved
SMX. To prove the adsorbed SMX was degraded at the same time, the
SMX adsorption-saturated ZnBC-3 (same dosage as above) was sus
pended in 1 mM PS solution and deionized water, respectively. The SMX
leaching in the PS solution was only 0.025 mM, while the SMX leaching
in the deionized water could reach 0.086 mM. These results suggested
that adsorbed SMX on ZnBC could be degraded after the injection of PS.
The first-order kinetic model was adopted to analyze the oxidation
processes, and the results were displayed in Table S6. ZnBC-3 shows the
best catalytic performance with kobs of 0.0254 min− 1, which is nearly
four times higher than that of ZnBC-1 (0.0049 min− 1). ZnBC-2 and
ZnBC-4 showed moderate catalytic performances compared with ZnBC3; therefore, the rational ZnCl2 dosage was 3 for both adsorption and
oxidation.
– O (ketone) group was considered as a redox site for per
Since C–
sulfate activation in many carbocatalytic systems (Huang et al., 2019;
Huang et al., 2018; Shao et al., 2018; Wan et al., 2019). The correlation
analysis was performed between the reaction rate constant (kobs) and the

Fig. 3. (a) Adsorption and catalytic oxidation of SMX and (b) PS adsorption kinetics on four ZnBCs; correlations of kobs to (c) C–
–O group content and (d) adsorption
removal efficiency; correlations of PS adsorption quantity to (e) mesopore volume and (f) Zeta potential. (Reaction conditions: [SMX]0 = 0.2 mM, [ZnBC] = 0.1 g/L,
[PS] = 1 mM, Temperature: 25 ◦ C).
5
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– O. Fig. 3c demonstrates a positive linear correlation (R2 =
content of C–
0.992) between kobs and the population of ketones, indicating that the
ketonic groups accounted for persulfate activation and SMX decompo
– O group on carbon catalyst
sition. Previous studies suggested that C–
surface could activate persulfate to produce singlet oxygen to achieve
selective oxidation of organic pollutant (Shao et al., 2018).
Additionally, the adsorption of organic pollutant was reported to
play an important role in PS-AOPs via affecting the adsorption and
activation of PS as well as the subsequent electron-transfer process with
the co-adsorbed pollutants (Zhu et al., 2018; Zhu et al., 2020). The linear
correlation analysis was conducted between the adsorption removal
efficiency and kobs. The results in Fig. 3d showed a poor linear correla
tion coefficient of 0.694, indicating that the pre-adsorption of SMX was
not linearly correlated with the reaction kinetics during catalytic
oxidation.
In the carbon/persulfate system, PS would adsorb on the carboca
talysts to form a reactive carbon-PS* complex, which elevated the
oxidative potential of surface-confined and activated persulfate inter
mediate, which would attack the organics via a charge-migration pro
cess (Ren et al., 2020b). In this study, the adsorption behaviors of PS on
ZnBCs were identified in Fig. 3b without the presence of SMX. The
consumption of PS increased from 1.9 to 4.8 mmol/g as the ZnCl2
blending ratio of biochar increased from 1 to 4, which is slightly
different from the trend of SMX degradation. Linear correlation analysis
was performed between the pore structure parameters of the activated
biochar and the PS consumption. Results in Fig. 3e demonstrated a good
and positive linear correlation between PS adsorption quantity and the
volume of mesopores (R2 = 0.987), which is better than the correlation
with other pore structure parameters (e.g. specific surface area (SSA),
pore volume (Vp), and micropore volume (Vmicro)) in.Fig. S7 These re
sults indicated that the hierarchically porous structure resulted in larger
SSA and pore volumes which were beneficial for PS and pollutant

adsorption. The generated mesopores facilitated the accessibility of
persulfate to the active sites on the ZnBC surface. These conclusions are
in accordance with a previous study (Liang et al., 2018b). Furthermore,
good linear correlational relationship with R2 = 0.976 was established
between Zeta potentials of the biochars and their PS adsorption quan
tities as shown in Fig. 3f which is in agreement with a former study (Ren
et al., 2020b).
Overall, the blending ratio of ZnCl2 not only determined the porous
structure of the activated biochar, but also affected the distribution and
population of surface oxygen functional groups, surface charge and
structural defects (vacancies and edges). These indicators cooperatively
determined the catalytic reactivity of biochar in PS activation. The in
crease of ZnCl2 dosage would create more mesopores and vacancy de
fects and elevate the surface Zeta potential which were beneficial for PS
adsorption and activation. However, the appropriate ZnCl2 blending
– O) groups,
ratio of 3 generated the highest level of active ketone (C–
which is dominating factor for PS-based SMX degradation. Moreover,
the optimal adsorption performance of ZnBC-3 also contributed to the
highest degradation rate because excessive coverage of PS would occupy
the active sites for organic adsorption and cause carbon corrosion to
deteriorate the conductivity for charge transport.
To explore the feasibility of ZnCl2 activation method to other
biomass feedstocks, several model components (chistosan, lignin, and
peptone) were also selected to prepare ZnBC at the dosage ratio of 3.
Their adsorptive and catalytic performances on SMX degradation were
shown in Fig. 4a and Fig. 4b. Results showed that cellulose ZnBC man
ifested the best SMX removal efficiency in both adsorption and catalytic
oxidation process. The removal efficiency of lignin ZnBC could reach
76% in 90 min, while the SMX removal could only reach 56% and 40%
in chistosan and peptone ZnBC system. The above results all indicated
that the ZnCl2 activation method was more suitable for lignocellulose
feedstocks. Moreover, we selected commercial activated carbon and

Fig. 4. (a) Effect of feedstocks on the adsorptive and catalytic performance of ZnBCs, (b) reaction rates of four ZnBCs from different feedstocks (ZnCl2 dosage: 3), (c)
comparison of ZnBCs with MWCNT (multiwall carbon nanotubes) and AC (activated carbon), (d) reaction rates of three carbon materials (Reaction conditions:
[SMX]0 = 0.2 mM, [ZnBC] = 0.1 g/L, [PS] = 1 mM, Temperature: 25 ◦ C).
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0.5 mM to 1 mM, the reaction rate constant increased from 0.022 min− 1
to 0.025 min− 1. However, a further increase of PS did not lead to
apparent enhancement in oxidation, so the optimal PS dosage is 1 mM.
Scavenging effect of excessive PS would lead to decreased degradation
efficiency.

MWCNT (multiwall nanotubes) as reference, which was shown in Fig. 4c
and d, results showed that ZnBC-3 manifested the best adsorption and
catalytic performances among reference carbon materials.
Operational parameters such as PS and catalyst dosage are important
to the design of a high-efficiency and economical reaction system. The
effect of catalyst dosage on SMX degradation is further investigated in
Fig. S8a. PS alone only attained 6% of pollutant oxidation, suggesting
that PS was incapable of degrading organic pollutants without activa
tion. When the catalyst concentration is 0.05 g/L, only 25% of SMX was
removed in the pre-adsorption and 54% was oxidized after the addition
of PS. With a further increase of catalyst to 0.1 g/L, the SMX adsorption
increased to 50% and the oxidative removal reached 96%. However,
when the catalyst concentration was increased to 0.2 g/L, the
improvement in adsorption and degradation was marginal. Thus, the
optimal catalyst dosage was 0.1 g/L. The effect of PS concentration was
also investigated Fig. S8b. When the PS concentration increased from

3.3. PS activation mechanism on ZnBC
Generally, radical and nonradical pathways are two major oxidation
regimes involved in the carbon/PS systems. Free radicals including
sulfate radicals (SO4•− ) and hydroxyl radicals •OH are generated on the
defective sites of carbon materials to participate in pollutant degrada
tion, while nonradical oxidation includes singlet oxygenation and
electron-transfer mechanism (Chen et al., 2018; Duan et al., 2018). In
this study, radical quenching study was conducted to identify ROS
involved in the ZnBC-3/PS system. Three radical scavengers were added

Fig. 5. (a) Radical quenching tests with MeOH, p-BQ and L-histidine; (b) EPR spectra of ZnBC-3 in the presence of TEMP during the oxidative degradation of SMX; (c)
the effect of reaction solvent on SMX degradation in the ZnBC-3/PS system; (d) open circuit potential of ZnBC-3 coated GCE with the injection of PS; (e) current
response using ZnBC-3 coated GCE with or without SMX at the applied potential of 0.68 V; (f) CV curves on the graphite electrodes in SMX solutions; (g) summarized
SMX degradation mechanisms in ZnBC-3/PS system (Reaction conditions: [SMX]0 = 0.2 mM, [PS] = 1 mM, [ZnBC-3] = 0.1 g/L, [p-BQ] = [L-histidine] = 10 mM,
MeOH/PS = 1000:1, electrolyte: 0.1 M Na2SO4, the mentioned potentials were versus Ag/AgCl).
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to the reaction system to identify the reactive species.
MeOH was selected to quench SO4•− (kobs = 2.5 × 107 M− 1 s− 1) and
•
OH (kobs = 9.7 × 108 M− 1 s− 1) (Chen et al., 2018; Ghanbari & Moradi,
2017). The results in Fig. 5a showed that the SMX adsorption and cat
alytic oxidation processes are not influenced after the addition of
methanol, even at a high molar methanol-to-PS ratio of 1000. Further
more, the generated ROS was in situ captured by 5,5-dimethyl-1- pyr
roline N-oxide (DMPO) (the spin trapping agent) and was analyzed on an
EPR spectrometer. The results were shown in Fig. S9. The PS
self-decomposition yielded some weak signals, and there is no obvious
difference between the spectra of (ZnBC-3+PS) and PS alone. These
results suggested that SO4•− and •OH were not produced in the
ZnBC-3/PS system and did not account for SMX degradation (Shao et al.,
2018).
p-Benzoquinone (p-BQ) was used to selectively screen the contribu
tion of O2•− (kobs = 9.8 × 108 M− 1 s− 1) (Chen et al., 2018). As a result,
p-BQ attained significant inhibition on SMX adsorption on ZnBC-3, this
could be contributed to the aromatic structure of the quencher which
was more preferable to be adsorbed on graphitic carbons via π-π in
teractions (Tang et al., 2018). The active sites of the porous biochar
would be occupied with the high concentration of p-BQ. However, based
on the fitting of first order kinetics, the reaction rate constant under the
quenching of p-BQ (0.022 min− 1) was close to kobs without the scavenger
(0.025 min− 1), indicating that O2•− was not the primary ROS for SMX
degradation in the ZnBC-3/PS system.
L-histidine was adopted as a scavenger of 1O2 (kobs = 1.3 × 106 M− 1
− 1
s ) (Wilkinson et al., 1995). As 10 mM of L-histidine was added to the
reaction system, the reaction rate constant decreased from 0.025 min− 1
to 0.004 min− 1, suggesting that singlet oxygen is the major contributor
to SMX degradation. Electron paramagnetic resonance (EPR) test was
performed using TEMP as a spin-trapping agent to verify the existence of
singlet oxygen. As is shown in Fig. 5b, a triplet signal peak (1:1:1) of
TEMPN (α = 16.9 G) was observed in both sole PS system and the system
with the co-presence of biochar (Zhu et al., 2018). However, the signal
intensity of the system with ZnBC-3 was much great than that of PS
alone, demonstrating that ZnBC-3 remarkably boosted the generation of
singlet oxygen from persulfate.
Additionally, different solvents were applied to confirm the existence
of singlet oxygen. The life time of 1O2 in D2O (20–32 μs) is 10-fold longer
than that in H2O (<2 μs) (Wilkinson et al., 1995). Therefore, the reaction
in D2O will kinetically accelerate the singlet oxygenation. As is shown in
Fig. 5c, when the solvent was changed to D2O, the reaction rate constant
increased by 2.5 folds from 0.025 to 0.062 min− 1. The results confirmed
that singlet oxygen was the dominant ROS for SMX oxidation in the
ZnBC-3/PS system.
Previous studies also unveiled an electrons-transfer mechanism of
SMX degradation on carbon catalysts, where SMX served as an electronsdonor in a non-radical manner. According to the previous studies (Ren
et al., 2020a; Ren et al., 2020b; Ren et al., 2019), the carbon-PS* com
plex formed at the catalyst interface which would lift the oxidative po
tential of the carbon catalyst. If the half wave potential of the target
pollutant is lower than the redox potential of the carbon-PS complex, the
organic will be oxidized via an electron-transfer regime over the carbon
surface. In this study, firstly, the open circuit potential of ZnBC-3 coated
GDE electrode was evaluated by adding PS at 100s as shown in Fig. 5d.
The PS injection induced a marginal potential increase to 0.68 V after
1400 s. This phenomenon illustrated that the PS complex on ZnBC-3
surface could lift the potential of ZnBC-3. However, when an applied
potential of 0.68 V was added to the ZnBC-3 coated electrode, the cur
rent responses in the electrolyte with or without SMX did not show
obvious difference in Fig. 5e, which meant that the potential of 0.68 V
could not induce the electrons flow from SMX to the ZnBC-3 GCE elec
trode. In short, the carbon-PS complex on ZnBC-3 surface could not
degrade SMX via the electrons-transfer route. Finally, the CV curve of
SMX on a graphite electrode was shown in Fig. 5f. The half wave po
tential (ϕ1/2) of SMX was 0.64 V, which is close to the potential of the

ZnBC-PS complex. Thus, the electron-transfer induced degradation was
unlikely to happen due to the thermodynamic infeasibility. These results
suggested the electrons-transfer regime was not the dominant pathway
to SMX degradation in the ZnBC-3/PS system. In conclusion, the PS
activation mechanism was summarized in Fig. 5g, on the one hand, the
ketone groups of ZnBC-3 could induce singlet oxygen for SMX degra
dation, which has been verified as the major route. On the other hand,
the open circuit potential of ZnBC-3-PS* complex (0.65 V) was slightly
higher than the half-wave potential of SMX (0.64 V). This phenomenon
resulted in the negligible effect of electron-transfer regime in SMX
degradation by ZnBC-3/PS system.
To identify the reactive sites in the SMX molecule upon the exposure
to singlet oxygen. Several sub-structural analogues to SMX including AN
(aniline), AMI (3-amino-5-methyl-isoxazole), and SNM (Sulfanilamide)
were evaluated under the same conditions as the ZnBC-3/PS system
(Guan et al., 2019). The results in Fig. 6a and Fig. 6b depicted that the
adsorption quantities of AN and AMI are almost negligible on ZnBC-3,
whereas the degradation rate of AN was much higher than that of AMI
in the ZnBC-3/PS system. It could be deduced that the amidogen group
(-NH2) is more sensitive to the singlet oxygenation compared to the
isoxazole structure. Moreover, the reaction rate constant of SNM (0.029
min− 1) was slightly higher than SMX (0.025 min− 1), even though the
adsorption amount of SNM (0.28 mmol/g) was lower than that of SMX
(1.04 mmol/g). This could be attributed to the structural difference that
SNM with two –NH2 groups was more easily to be degraded than SMX
with a single –NH2 group. As investigated before, singlet oxygen was the
major contributor for SMX degradation, according to previous studies,
aniline ring of SMX was more attractive to 1O2 oxidation to decompose
SMX in a nonradical manner (Yin et al., 2019), which is different from
the radical-based system (Ji et al., 2015). Therefore, –NH2 aligned to the
benzene ring or –SO2 group is the reactive site in the SMX molecule
during the singlet oxygenation.
Moreover, LC-MS was selected to identify the SMX degradation in
termediate in ZnBC/PS system, which is shown in Fig. 6c. Results
showed that after degradation, the peak of SMX was nearly removed,
meanwhile there are no other new peaks in the water phase, which
meant that complete removal of SMX was achieved by ZnBC-3/PS sys
tem. Furthermore, methanol was adopted to wash the used ZnBC-3 to
recover the degradation intermediate. TP503 (Fig. 6e) was found in the
washing solutions as a dimer formed by the coupling of SMX which is
similar with the previous studies (Shi et al., 2020). The proposed
degradation pathway was shown in Fig. 6d. The SMX molecule degraded
at –NH2 functional group and formed a dimer couple which could be
adsorbed on ZnBCs.
3.4. Effect of water matrix on SMX degradation in ZnBC-3/PS system
The effect of solution pH on SMX degradation in the ZnBC-3/PS
system was also tested and shown in Fig. 7a. SMX possess two pKa
values corresponding to the protonation of aniline –NH2 (pKa1 = 1.85)
and deprotonation of sulfonamide –NH– (pKa2 = 5.60) (Ji et al., 2018).
The distribution curves of SMX species in Fig. 7b are calculated based on
the distribution coefficient formula. At the pH lower than 1.85, SMX was
positively charged; at the higher pH between 4.0 and 6.0, SMX existed as
in its neutral form. When the solution pH is above 6.0, SMX existed in
the deprotonated form which was negatively charged (Ahmed et al.,
2017; Anipsitakis et al., 2006; Zhang et al., 2020a). Since the pHzpc of
ZnBC-3 is 5.75 (Fig. 7b), the biochar surface will be positively charged if
the solution pH is below 5.75. When the pH is over 6, the surface of
ZnBC-3 will be negatively charged. Thus, the adsorption results in
Fig. 7a can be explained as follows. At a lower pH value of 1.55, the
decreased adsorption of SMX on ZnBC-3 was ascribed to the electrostatic
repulsion between positively charged SMX+ and positively charged
ZnBC-3. When pH is over 6, electrostatic repulsion also occurred be
tween the negatively charged SMX− and the negatively charged biochar
surface. Therefore, the best adsorption of SMX occurred at the pH of
8
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Fig. 6. (a) Adsorption and degradation kinetics, (b) reaction rate constant of SMX and its sub-structural analogues by the PS/ZnBC-3 system, (c) LC-MS analysis of
the SMX degradation intermediate in ZnBC-3/PS system, (d) proposed major degradation pathway, (e) MS spectra of TP-503.

~4.65, where the SMX molecule existed in the neutral form.
As for catalytic oxidation, the decreased adsorption quantity of SMX
under lower-pH condition might prohibit the degradation. At higher pH
from 4 to 6, the adsorption quantity was increased due to the insignif
icant electrostatic repulsion. Meanwhile, the negative persulfate ions
were more prone to adsorbed on ZnBC-3 due to the positive charged
surface, giving rise to the accelerated production of singlet oxygen for
SMX degradation. Furthermore, in an alkaline environment, the elec
trostatic repulsion of ZnBC-3 existed toward both SMX and persulfate
ions. However, a medium reaction rate of 0.012 min− 1 at pH of 9.9 is
attained which is higher than that at pH of 1.6 (0.007 min− 1). This could
be attributed to the higher second-order rate constant of 1O2 towards the
deprotonated organic molecules (Zhu et al., 2020). Above all, the
optimal pH range for the ZnBC-3/PS system was from 4 to 6 as shown in
the yellow background range in Fig. 7b.
In addition, the effects of inorganic anions and dissolved organic
matter on the SMX removal performance of ZnBC-3/PS system were also
evaluated and shown in Fig. 7c. Cl− , NO3− , and H2PO42− were chosen as
examples of typical inorganic impurities. Results showed that the
adsorption performance was slightly hindered by several anions, while

the catalytic degradation removal efficiency of SMX remained over 80%
in 90 min. These phenomena indicated that the ZnBC-3/PS system was
more immune to the inorganic impurities in comparison with adsorption
process. As for dissolved organic matter (DOM), which was represented
by humic acid in this work, the catalytic removal efficiency decreased to
68% in 90 min with slightly decrease in adsorption process. This result
suggested that the competition oxidation reactions between SMX and
humic acid occurred.
Furthermore, the effect of water matrix was also investigated by
applying ZnBC-3/PS system to SMX removal in tap water, river water
and wastewater which was shown in Fig. 7d. Results showed that the
adsorption of SMX on ZnBC-3 was dramatically impaired in real water
matrix, indicating that adsorption by porous biochar could be difficult
for antibiotics removal in real water. After injection of PS solution, the
removal of SMX in tap water and river water could be over 70% in 90
min, while the removal efficiency of SMX in wastewater was only 40%.
To clarify the reason, 3D EEM fluorescence spectra was selected to
characterize the wastewater sample before and after the reaction. The
results were shown in Fig. 7e and f. A peak at Ex/Em = 350/450 nm in
both spectra represented humic acid compounds (Shi et al., 2020). The
9
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Fig. 7. (a) Effect of pH on the SMX degradation in ZnBC-3/PS system, (b) pH point of zero charge plot of ZnBC-3 and variation of SMX species as function of pH. (c)
effect of Cl− , NO3− , H2PO42− , and HA on the adsorption and catalytic performance of ZnBC-3 ([Cl− ] = [NO3− ] = [H2PO42− ] = 10 mM, [HA] = 10 mg/L, Reaction
conditions: [SMX]0 = 0.2 mM, [PS] = 1 mM, [ZnBC-3] = 0.1 g/L), (d) effect of water matrix on the catalytic performance of ZnBC-3, 3D EEM spectra of the
wastewater (e) before and (f) after oxidation by ZnBC-3/PS system, (g) Removal efficiency of SMX in catalytic oxidation within a column reactor using the ZnBC-3
embedded hydrogel beads as the fillings. (Reaction conditions: volume filling ratio: 50%, catalyst: 1.57 g, flow rate: 1 mL/min, [SMX]0 = 0.1 mM, [PS] = 1 mM, pH
= 5).

intensity of that peak decreased dramatically after treatment by
ZnBC-3/PS system, which also proved that the competition reactions
occurred between humic acid and SMX, the decreased removal effi
ciency of SMX in wastewater could be ascribed to the high concentration
of organic compounds in wastewater. In conclusion, the ZnBC/PS system
was suitable for antibiotics removal in salty conditions other than
organic wastewater with high concentration of dissolved organic matter.

Moreover, the reusability of ZnBC-3 was tested for 3 runs, which is
shown in Fig. S10. The SMX removal efficiency decreased to 18% and
11% in the second and third run, respectively. This phenomenon indi
cated that the reusability of the ZnBC-3 was poor. Thermal regeneration
at 500 ◦ C under N2 atmosphere was adopted to the ZnBC-3. Results
showed that thermal regeneration could recover 60% of the catalytic
activity. However, thermal regeneration would cause waste of energy,
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efficient and cheap way to regenerate biochar catalyst still need to be
explored.
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3.5. Column study with ZnBC-3 hydrogel beads
Powder carbocatalysts for homogenous PS-AOPs have been investi
gated for years. However, it is hard to separate the used solid carbon
particles from the water body after reaction, which would cause sec
ondary pollution. If the powder carbons are applied as the filling ma
terials in an adsorption column of the packed-bed reactor, the poor
dispersity and great flow resistance would impair the degradation per
formance and cause a waste of energy. In this study, ZnBC-3 powder was
embedded into calcium alginate hydrogels. The photograph of the ob
tained ZnBC-3 hydrogel was shown in Fig. 7g. The derived small
spherical catalysts were filled in a packed-bed adsorption column on a
flow-through reactor. The fed solution (1 mL/min) was a mixture of SMX
(0.1 mM) and PS (1 mM). The results showed that the removal efficiency
of the packed-bed column reactor could maintain over 90% in the first 4
h and slightly decreased to 86% for another 4 h, indicating a great po
tential for coupling the ZnBC-3/PS system with a fixed-bed reactor for
continuing flow-through wastewater treatment.
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4. Conclusions
In summary, porous biochar was synthesized by zinc-etching under
mid-temperature carbonization, and the derived ZnBCs exhibited good
adsorption and oxidation performances for SMX removal. The blending
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the porous biochar, consequently affecting the performances of PS
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(C–
SMX. Moreover, volume of mesopore and Zeta potential also showed
good correlation relationships with the PS adsorption quantities of
ZnBCs. Singlet oxygen was identified as the dominant ROS for SMX
degradation. It can attack the –NH2 group aligned to the benzene ring to
form dimer products which could be adsorbed on the biochar surface to
reach complete removal of the SMX. The SMX degradation in ZnBC/PS
system was immune to inorganic anions but would compete with
organic impurities in the real wastewater. Finally, porous biochars could
be embedded into the hydrogel beads and packed in a flow-through
fixed-bed reactor with a satisfactory removal efficiency for long-term
operation. This work provided a simple way to fabricate a biocharbased persulfate catalyst suitable for complete antibiotics removal in
salty conditions.
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